Abstract-This study examines potential waste diatomite and sodium silicate sand reuse to prepare water absorption and retain porous ceramics. The operating conditions are constant pressure (5 MPa), sintering temperature (1000-1270 o C), sintering time (2 h), waste diatomite containing sodium silicate sand at different proportions (0-20 %), respectively. The porous ceramic samples containing sodium silicate sand show low thermal conductivity properties (0.278-0.562 W/mK), probably owing to the more pores than those in the concrete (1.458 W/mK). Water release (t 1/2 value) by the porous ceramic samples is decelerated by porous ceramic samples containing sodium silicate sand, due to the synergy effect of high water absorption by the sodium silicate sand and better than in the foamed glass material (4 h). Porous ceramic samples containing sodium silicate sand is highly promising for use in water absorption and retention applications.
I. INTRODUCTION
Rising temperatures in large cities poses an increasing environmental threat, especially during the summer in Taiwan. This predicament arises from the increasing amount of heat generated by human activity (e.g., vehicles and air conditioners) and the increasing amount of surface areas covered by artificial materials with a high solar absorption capacity. This global warming phenomenon is referred to as the "heat island effect" [1] .
Porous ceramics with well-defined macroscopic shapes and h igh mechanical stability can be fabricated using novel processing route, while retaining the intrinsic porosity of the porous powder from which they are manufactured [2] , [3] . Sintering is a thermal process that transforms a compact powder into a bulk material, and is used in mass-producing complex-shaped components. Sintering is a complex process of microstructural evolution, which involves bond formation, neck growth, pore channel closure, pore shrinkage, densification, coarsening, and grain growth. The force that acts between particles, the sintering force, comprises both surface tension and grain boundary tension. Sintering is one of the most important technological processes in the powder metallurgy and ceramic industries. A rational theory of sintering should predict the routes of production of the required structure of a sintered body in order to provide its physico-chemical and physico-mechanical properties which are determined by this structure [4] . Water absorption and retention of porous ceramics as building materials are characterized by their permanence, heat insulation [5] and water retention. This study demonstrates the feasibility of producing water absorption and retention of porous ceramic monoliths from diatomite and sodium silicate sand. The ability to use diatomite and sodium silicate sand produced as water absorption and retention of porous ceramic is also examined by studying their water retention and thermal conductivity properties. Their mineral composition and crystalline phase of porous ceramic monoliths are determined using Fourier transform infrared spectroscopy (FTIR). Finally, the micro-structure of porous ceramic monoliths is determined using scanning electron microscopy (SEM).
II. MATERIAL AND METHODS

A. Materials
The waste diatomite and sodium silicate sand used were collected from the food-processing industry and mold manufacturer located in Taipei County, Taiwan. In total, 500 kg of waste diatomite and sodium silicate sand were obtained from the food-processing industry and mold manufacturer, respectively. The waste diatomite and sodium silicate sand were pulverized using a ball mill until they could pass through a 100 mesh (0.149 mm) sieve. The resultant pulverized waste diatomite and sodium silicate sand were then stored in a desiccator until testing.
B. Preparation of Compacted Sintered Porous Ceramics Samples
The waste diatomite and the sodium silicate sand samples were oven-dried at 105°C for 24 h and ground in a ball mill to form fine powders (until pass through a 100 mesh sieve) suitable for pressing. The powder samples were mixed with each other to prepare a known mass percentage of sodium silicate sand in diatomite in different concentration of sodium silicate sand (0-20% by mass) to produce porous ceramics samples. The content of the sodium silicate sand in the waste diatomite mixture was varied from 0% to 20% by mass. The samples were compacted at 5 MPa to form cylinder specimens (51.8 mm (Φ)×15 mm (H)) that were then desiccated before testing. The compacted porous ceramic specimens were placed on a platinum plate and burnt in an electrically heated furnace using a ramp rate of 5°C min -1 . The porous ceramic samples were then sintered at temperatures between 1000°C and 1270°C for 120 minutes. The sintered samples were then cooled to room temperature and stored in a desiccator for subsequent physical properties testing and microstructure analyses.
C. Characterization of Sintered Porous Ceramics Specimens
The chemical composition and physical characteristics of the porous ceramic pellets and sintered products were analyzed. The porous ceramic samples were digested using HNO 3 /HClO 4 /HF according to NIEA R355.00C and then analyzed with Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) for the major elements. Sample mechanical quality was obtained by performing crushing strength tests. In this test, an oven-dried sample was placed in a steel cylinder with an internal diameter of 51.8 mm and a height of 15 mm. The samples were filled into the cylinder up to an upper incision mark. The cylinder was covered and pressed down using a steel puncheon until the upper level of the porous ceramic sample was reduced by a prescribed distance. The crushing strength value was calculated as the ratio between the load and the cross-sectional area of the cylinder in stress units..
Chemical composition: The X-ray fluorescence (XRF) analysis was performed using an automated RIX 2000 spectrometer. Unconfined compressive strength (ASTM C39-72): Three specimens were used for the compressive strength tests while the fourth one was used for the microstructure examination.
A quick thermal conductivity meter based on ASTM C 1113-90 hot-wire method was used (ASTM C 1113-90) [6] .
Water absorption of the porous ceramic samples was determined by immersing them in water at 20°C and weighing after predetermined time intervals up to 24 h. The water absorbed after 24 h was defined as the water absorption (Wa (%)). Release of the absorbed water was evaluated in an atmosphere with the relative humidity controlled at 55% using a saturated Mg(NO 3 ) 2 .6H 2 O solution. The water release rate was then evaluated from the time at which half the absorbed water was lost (t 1/2 (h)) [5] .
III. RESULTS AND DISCUSSION
A. Characteristics of Waste Diatomite and the Sodium Silicate Sand
The densities of the waste diatomite and the Sodium Silicate Sand were 1.26 and 0.78 g cm -3 , respectively. The pH of the waste diatomite and the sodium silicate sand were 7.21 and 10.91, respectively. Table I show chemical composition of the waste diatomite and sodium silicate sand, respectively. Table II shows the open porosity of the pure diatomite specimens that were fired at various temperatures. The porosity declined slowly from 1000 o C to 1270 o C (from 64.02% to 61.27%). However, the rate of change was not constant. The high porosity was attributed to the unique porous mineralogical character of diatomite that contained 20% sodium silicate sand, the porosity of which did not change considerably during sintering. First, the open porosity declined gradually from 60.01% at 1000 o C to 59.41% at 1100 o C. In the second stage, the porosity decreased from 58.75% at 1200 o C to 54.72% at 1270 o C, and the rate of decline was higher than that in the first stage. In this stage, sintering reduced the volume, and most of the pores were closed. This indicated a simpler morphology that was attributed to a mass diffusion transfer and pure sintering shrinkage [7] .
B. Mechanical Characteristics of Porous Ceramics
The water absorption rate, which is the weight of the moisture in the pores as a fraction of the weight of the sintered specimen, is an effective index of the quality of porous ceramics. The results show that, as the sodium silicate sand content declined, the water absorption of the porous ceramic samples increased. We observed a near-linear dependence of water absorption on the sodium silicate sand contents (from 10 to 20 wt.%) in the samples of diatomite that contained sodium silicate sand. Furthermore, the amount of water absorbed by the porous ceramics decreased with an increase in the heating temperature. The decline in the rate of water absorption with increasing heating temperature (1200 o C) suggests that local liquid-phase sintering occurred, which contributed to a decrease in pore volume and the water absorption rate. Water absorption of the materials in this study is consistent with the trend that was first described by Furlani et al.; that is, the sintering behavior of ceramics is affected by the formation of a ""transitory liquid"" phase, which improves the densification of the sintered samples. The bonding capacity of the mixture is related to the amount of the sodium silicate sand added to the mixture.
The compressive strength is the crucial index of the engineering quality of porous ceramic material. Table II shows the compressive strength test results for porous ceramics made from diatomite and sodium silicate sand mixtures. The compressive strength of the porous ceramics increased when the heating temperature increased from 1000 o C to 1270 o C. The results showed that the optimal heating temperature that maximized the compressive strength was 1270 o C. The compressive strength of the mixed porous ceramic samples of diatomite that contained the sodium silicate sand decreased slightly when the heating temperature increased above 1200 o C. The porous diatomite ceramic strength decreased when up to 20% of the sodium silicate sand was added to the porous ceramics that were heated to 1200 o C. The sodium silicate sand can be converted into porous ceramics by using this method. Consequently, the sodium silicate sand can be blended with diatomite to produce porous ceramics. Fig. 1 shows the variation in thermal conductivity of waste diatomite containing sodium silicate sand sintered porous ceramic samples at various temperatures. When the heating temperature was increased from 1000 o C to 1200 o C, the thermal conductivity of the waste diatomite sintered porous ceramics was 0.277, 0.279, 0.280, and 0.282 W/mK. Additionally, the thermal conductivity of porous ceramic samples increased with the heating temperature. When the amount of sodium silicate sand was increased from 5% to 20%, the thermal conductivity of the sintered porous ceramics was 0.331-0.43, 0.349-0.489, 0.378-0.525, and 0.399-0.561 W/ mK. Moreover, the thermal conductivity of the porous ceramic samples increased with the sodium silicate sand content. This increase was attributed to the porous structure of sintered porous ceramic samples containing sodium silicate sand, resulting in a denser structure. In addition, the thermal conductivity decreased because of the decreasing density of the sintered porous ceramic samples, which subsequently increased the void content. The samples revealed a correlation between the density and thermal conductivity for sintered porous ceramic samples, in which the thermal conductivity increased with the density. In this study, the porous ceramic samples had a thermal conductivity of approximately 0.278-0.561 W/mK, which was lower than that for the concrete (1.458 W/mK). The porous ceramic samples exhibited properties of low thermal conductivity, which may be attributed to the larger number of pores compared to those in the concrete. 
C. Thermal Conductivity of Porous Ceramic Samples
D. Water-Retention Properties of Porous Ceramic Samples
The water-release parameter (t 1/2 ) was defined by the time required for half of the amount of water to be released from the samples. of approximately 14 h; these values were larger than those for the porous ceramic samples containing 5% of the sodium silicate sand (7 h). Because the t 1/2 value of the foamed glass sample was approximately 4 h, the porous ceramic samples containing the sodium silicate sand exhibited excellent slow water-releasing properties, which may be attributed to the smaller pores, compared to those in the foamed glass. The large amounts of sodium silicate sand in the porous ceramic samples also facilitated a slow water release, which yielded acceptable water-retention properties. These properties make the porous ceramic samples containing sodium silicate sand samples promising for use as water-retaining materials to combat ""heat island"" effects. Fig. 3 plots mercury intrusion data obtained upon heating to 1100 o C. Fig. 3 (a) includes one strong peak with a range of pore sizes of approximately 1.5-2 μm, and a smaller peak at 0.5-1 μm. The pores with sizes of 1.5-2.5 μm are linked to the voids among the powder particles, while those with sizes of around 0.3-1.5 μm are the pores that are inherent to diatomite porous ceramics samples (Fig. 4 (a) ). The main peak shifts to a smaller pore size as the heating temperature increases. Figure 4 plots the mercury intrusion data obtained upon heating to 1200 o C. Fig. 4 (a) includes one strong peak at pore sizes of around 1.5-2.5 μm, and a smaller peak at 0.3-1 μm. Fig. 5 plots mercury intrusion data obtained upon heating to 1270 o C. Fig. 5 (a) includes a strong peak at pore sizes of approximately 1-3 μm, and a smaller peak around 0.8-1 μm. Accordingly, the sizes of the interparticle pores decrease as the peak temperature increases, and the interparticle voids become partially filled with the melt and/or collapse.
E. Distribution of Sizes and Total Volume of Pores in Ceramics
Figs. 3-5 (b) display the evolution of the porosity of sintered bodies that contained sodium silicate sand. They plot, the cumulative volume of pores against pore size. The sintered samples that were prepared from diatomite that contained more sodium silicate sand had smaller pores. The figures demonstrate that the porous diatomite ceramics samples had a greater volume of pores. However, for both types of sample, the dependence of total volume on sodium silicate sand content is strongest between 15 and 20 wt. % (Figs. 3-5(b) ). Figs. 3-5 (b) present the evolution of relevant morphological parameters, such as total Hg intrusion volume (porosity) and average size of interconnecting pores such as the pore necks among the particles of the sodium silicate sand in the samples with sodium silicate sand contents from 10 to 20 wt. %. However, as the concentration of sodium silicate sand increases, the sodium silicate sand begins to interact with particle and an open structure that interconnects the fine pores is slowly formed. As expected, porosity and average pore size values depend directly on the sodium silicate sand content. Increasing the amount of sodium silicate sand particles tends to reduce the average distance between diatomite particles in samples that contain sodium silicate sand, and make the diffusion mechanism during sintering more effective. 
F. FTIR Spectra of Porous Ceramics
Fourier transform infrared spectroscopy (FTIR) is an effective method for determining mineral composition. Vibrational spectroscopy can help identify high-crystalline substances as well as weak-crystalline and amorphous inorganic components and organic substances. Fig. 6 shows the FTIR spectra of porous ceramic samples at 1270 o C. All specimens were dried at 105 o C for a few hours prior to spectroscopic measurement to eliminate spurious water bands caused by moisture, which may influence fundamental OH-stretching bands. The porous ceramic samples that did not contain the sodium silicate sand yielded a signal at 622 cm -1 , which is characteristic of Si-O-(Si, Al) vibration, suggesting that they contained an alumino-silicate phase. The signal at 1105 cm -1 indicated the formation of Si-O-Si bonds. Porous ceramic samples that contained sodium silicate sand yielded a signal at 472-486 cm -1 , which is characteristic of Si-O-(Si, Al) vibration, suggesting that the samples contained alumino-silicate. This signal resulted from the formed Si-O-Si bonds (in the range 1066-1103 cm -1 ), which had strong bands associated with SiO 4 tetrahedra in the other phases in the samples. Fig. 7 shows the SEM microphotographs of porous ceramic samples sintered at 1270 o C. Fig. 7(a) shows that a small fraction of the diatomite powder began to melt, the liquid phase accumulated in regions with a negative curvature, and the contact points between pairs of particles formed necks. The initially isolated diatomite particles were converted into an integral body, which contained numerous closed pores. A microstructural change was observed during sintering below 1270 o C. Cylindrical diatomite particles were identified easily, and a number of micropores were distributed. Scanning electron microscopic measurements revealed the sodium silicate sand in various proportions in the microstructures of porous ceramics (Figs. 7(b)-7(e) ). The sodium silicate sand bonded the diatomite powder into relatively strong monoliths. However, a melt phase covered the diatomite particles and filled the diatomite pores when the sintering temperature was increased to 1270 °C. Impurities in diatomite, such as MgO, favor the formation of low-temperature eutectics and the subsequent formation of a melt phase in the silica-rich grains [6] . The internal pore volume of diatomite that contained 20% of the sodium silicate sand was not reduced substantially after heating to 1270 o C (Fig. 7 (e) ). Slight fusion occurred at the particle contact points at 1270 o C. The powder partially melted, and both the antiparticle pores and the internal structure collapsed. The porous ceramics fabricated from waste material exhibited enhanced water absorption and retention capabilities. Moreover, the results of this study also indicated that water absorption and retention are dependent on the pore structures. Heating temperature is the crucial parameter in the controlled densification of porous ceramics and in forming monoliths with a well-defined porosity. The signal at 1105 cm -1 indicated the formation of Si-O-Si bonds. Porous ceramic samples that contained sodium silicate sand yielded a signal at 472-486 cm -1 , which is characteristic of Si-O-(Si, Al) vibration, suggesting that the samples contained alumino-silicate. The porous ceramic samples containing the sodium silicate sand exhibited low thermal conductivity properties, which may be attributed to the larger number of pores than those in the concrete. Additionally, water release (t 1/2 value) by the porous ceramic samples was decelerated using porous ceramic samples containing the sodium silicate sand because of the synergy effect of high water absorption by the sodium silicate sand. Slight fusion occurred at the particle contact points at 1270 o C. The powder partially melted, and both the antiparticle pores and the internal structure collapsed. The t 1/2 values of the porous ceramic samples were higher than those in the foamed glass material.
G. Scanning Electron Microscopic Microphotographs of Porous Ceramics
